Abstract We recently reported that vitamin D deficiency aggravates diabetic bone loss in mice. Although vitamin D affects both muscle and bone, the role of the vitamin D state in diabetic muscle loss and muscle-bone relationships remains unclear. In the present study, we examined the effects of vitamin D deficiency on muscle mass, muscle differentiation and muscle-derived humoral factors linking muscle to bone in diabetic female mice. Diabetes was induced in mice by streptozotocin (STZ) injection after feeding with a normal or vitamin D-deficient diet for 6 weeks. Quantitative computed tomography analysis showed that tibial muscle mass was significantly decreased in diabetic mice compared with control mice 4 weeks after induction of diabetes. Vitamin D deficiency accelerated muscle loss in diabetic mice. Vitamin D deficiency augmented the decreases in Pax7 mRNA levels and the increases in muscle RING-Finger Protein-1 and atrogin-1 mRNA levels induced by diabetes in the gastrocnemius muscle of mice. Moreover, vitamin D deficiency decreased the mRNA levels of insulin-like growth factor-1, fibroblast growth factor-2 and osteoglycin in muscle of diabetic mice.
Introduction
Diabetes induces numerous complications, such as peripheral vascular disorders, renal dysfunction, retinopathy and neuropathy [1] . In addition to these complications, diabetic state affects the musculoskeletal system, such as muscle and bone [2] . Several epidemiological studies revealed that fracture risk is increased in patients with type 1 and type 2 diabetes [3, 4] . Muscle wasting is one of serious complications of diabetic patients [5] [6] [7] [8] , since it might lead to an increase in falling and subsequent fracture risk, a decrease in quality life and an increase in risk of death. Muscle fiber atrophy without morphological indications of neuropathy is observed in patients with type 1 diabetes [9] , suggesting that the type 1 diabetic state affects skeletal muscle through the metabolic changes prior to neuropathic complications. Russell et al. showed that a high glucose environment induces elevated protein degradation and impaired protein synthesis in myotubes in vitro [10] , suggesting that hyperglycemia is a salient factor that exerts direct deleterious effects on muscle. It has been suggested that diabetic muscle wasting is caused by the impairment of muscle differentiation and the imbalance between protein synthesis and degradation induced by the metabolic changes, including hyperglycemia, decreased insulin action, increased advanced glycation end products (AGE)/oxidative stress and neuropathy [5] . However, the mechanisms of muscle wasting and osteoporosis induced by diabetes are not fully understood.
The prevalence of vitamin D insufficiency or deficiency is high in patients with diabetes [10] [11] [12] . Numerous reports have suggested that vitamin D deficiency is related to the increases in bone loss and fracture risk [13] [14] [15] . In addition, vitamin D deficiency elevates fall risk partly through muscle wasting [16, 17] . Several studies revealed that vitamin D enhances muscle differentiation and inhibits the degradation of muscle in vitro and in vivo [18, 19] . These findings suggest that vitamin D is important in the maintenance of muscle as well as bone metabolism. Our recent study demonstrated that vitamin D deficiency aggravates bone loss induced by diabetes in female mice [20] . However, the influences of vitamin D deficiency on diabetic muscle wasting and muscle/bone relationships remain unknown. In the present study, we therefore examined the effects of vitamin D deficiency on muscle mass, muscle differentiation and muscle-derived humoral factors linking muscle to bone in diabetic female mice.
Methods

Materials
Streptozotocin was purchased from Sigma-Aldrich Japan (Tokyo, Japan). Normal diet (AIN93G) and vitamin D-deficient diet (AIN93GA-2) were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). All other chemicals used were of analytical grade.
Animal experiments
Female C57BL/6J mice were fed with a normal diet or vitamin D-deficient diet from 4 weeks of age, as previously described [20] . Diabetes was induced in those mice at age of 10 weeks by daily intraperitoneal injections of STZ (50 mg/kg body weight in saline), a pancreatic b-cell cytotoxin, for 4 days, as previously described [20] . Controls were injected with saline alone. Four days after the last injection (day 4), the nonfasting blood glucose level was measured with a glucometer (Glutest Ace, Sanwa Kagaku Kenkyusyo, Nagoya, Japan) by using blood obtained from the tail vein. Mice with blood glucose levels greater than 300 mg/dl were considered diabetic. Blood glucose levels were confirmed at least twice. Animals were maintained in metabolic cages on a 12-h light, 12-h dark cycle, and they received food and water ad libitum. At 4 weeks after induction of diabetes, quantitative computed tomography (qCT) analysis was performed to measure tibial muscle mass. All animal experiments were performed according to the guidelines of the National Institute of Health (NIH) and the institutional rules for the use and care of laboratory animals of Kindai University.
In vivo quantitative computed tomography (qCT) analysis
Mice were scanned using a LaTheta (LCT-200) experimental animal CT system (Hitachi-Aloka Medical, Tokyo, Japan), as previously described [20] . Briefly, regions of interest (ROIs) were defined as 9600-lm segments (100 slices) from the distal end of the proximal growth plate of the tibia for assessment of the muscle mass around the tibia. Parameters used for the CT scans were as follows: tube voltage, 50 kVp; tube current, 500 mA; integration time, 3.6 ms; axial field of view, 48 mm; voxel size of 48 9 96 lm with a slice thickness of 96 lm. Muscle mass was analyzed using the LaTheta software (version 3.40).
Preparation of AGEs
Advanced glycation end products 3 (AGE3) and nonglycated bovine serum albumin (BSA) were prepared as previously described [21] .
Cell culture
Mouse myoblastic C2C12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Wako Pure Chemical Industry, Ltd., Osaka, Japan) with 10 % fetal bovine serum (FBS) and 1 % penicillin streptomycin. Twenty four hours after incubation with 200 lg/ml AGE3 or BSA, cells were treated with 1,25-dihydroxyvitamin D 3 [1,25 (OH) 2 D 3 ] (Sigma Aldrich Japan, Tokyo, Japan) for 24 h.
Real-time polymerase chain reaction (PCR) analysis
Total RNA was extracted from a homogenized sample of gastrocnemius muscle tissue and the cultured cells using RNeasy mini kit fibrous tissue (Life Technologies Japan, Tokyo, Japan). Real-time PCR was performed using StepOne Plus and the Fast SYBR Green PCR Master mix (Life Technologies Japan, Tokyo, Japan) as previously described [20] . The primer sets are shown as follows: Pax7; forward: 
Statistical analysis
Data were expressed as mean ± SEM. Statistical significance was assessed using one-way ANOVA followed by Tukey-Kramer post hoc tests. Statistical values at p \ 0.05 were considered significant. All statistical analysis were performed using StatView version 5.0 software (SAS Institute; Cary, NC, USA).
Results
Influences of diabetic state and vitamin D deficiency on muscle mass STZ treatment decreased the body weight as previously described [20] (body weight of 4 weeks after diabetes induction: control with normal diet, 21.1 ± 0.3 g; control with vitamin D-deficient diet, 22.1 ± 0.2 g; STZ with normal diet 17.0 ± 0.8 g*, STZ with vitamin D-deficient diet, 17.0 ± 0.6 g**; *p \ 0.01 vs. control mice fed with normal diet. **p \ 0.01 vs. control mice fed with vitamin D-deficient diet). STZ treatment equally increased the levels of blood glucose in female mice fed with a normal and vitamin D-deficient diet (blood glucose levels: control with normal diet, 145.5 ± 8.6 mg/dl; control with vitamin D-deficient diet, 140.2 ± 9.8 mg/dl; STZ with normal diet 363.8 ± 17.6 mg/dl*, STZ with vitamin D-deficient diet, 366.1 ± 30.2 mg/dl**; *p \ 0.01 vs. control mice fed with normal diet; **p \ 0.01 vs. control mice fed with vitamin D-deficient diet), although vitamin D-deficient diet feeding markedly reduced the levels of serum 25-hydroxyvitamin D (25OHD) in both control and diabetic mice as previously described [20] . In the present study, STZ treatment significantly decreased muscle mass as well as body weight-adjusted muscle mass in female mice compared with control (Fig. 1a, b) . Vitamin D deficiency aggravated muscle mass decreased by STZ treatment, whereas vitamin D deficiency itself did not affect muscle mass in control mice (Fig. 1a, b) .
Influences of diabetic state and vitamin D deficiency on muscle differentiation and degradation
We examined the levels of the genes related to muscle differentiation and degradation in the gastrocnemius muscle of female mice. STZ treatment seemed to decrease, but not significantly, the mRNA levels of Pax7, a marker for muscle satellite cells, and MyoD, a master transcription factor for muscle differentiation, in muscle of mice fed with normal diet, whereas STZ treatment did not affect the mRNA levels of Myf6 and myogenin, myogenic genes, in muscle ( Fig. 2a-d) . Vitamin D deficiency aggravated the levels of Pax7 and MyoD mRNA decreased by STZ treatment, although its effects on MyoD mRNA were not statistically significant (Fig. 2a-d) . We next examined the mRNA levels of muscle-specific E3 ubiquitin ligase, such as MuRF-1 and atrogin-1, in the gastrocnemius muscle of mice to clarify the influences of vitamin D deficiency on muscle protein degradation in diabetic mice. STZ treatment seemed to increase, but not significantly, the levels of MuRF-1 and atrogin-1 mRNA in muscle compared with control mice (Fig. 2e, f) . Vitamin D deficiency augmented the mRNA levels of MuRF-1 and atrogin-1 enhanced by STZ treatment in muscle, whereas vitamin D deficiency did not affect the levels of these genes in non-diabetic mice (Fig. 2e, f) . 
Influence of AGEs and vitamin D on muscle differentiation and degradation in myoblasts
AGE3 treatment significantly decreased the levels of MyoD mRNA in C2C12 myoblasts, whereas 1,25 (OH) 2 D 3 seemed to blunt the levels of MyoD mRNA decreased by AGE3 in C2C12 myoblasts (Fig. 3a) . On the other hand, AGE3 treatment significantly increased the levels of MuRF-1 mRNA in C2C12 myoblasts, although 1,25 (OH) 2 D 3 did not affect the levels of MuRF-1 mRNA in C2C12 myoblasts (Fig. 3b) .
Influences of diabetic state and vitamin D deficiency on the mRNA levels of muscle-derived humoral factors in muscle IGF-1, FGF-2, TGF-b, irisin, osteoglycin and myostatin are included in putative muscle-derived humoral factors linking muscle to bone [22] . We examined the mRNA levels of these factors in the gastrocnemius muscle of female mice. STZ treatment decreased the mRNA levels of IGF-1, FGF-2, TGF-b and irisin in muscle compared with control ( Fig. 4a-d) . Vitamin D deficiency aggravated the levels of IGF-1 and FGF-2, but not TGF-b, decreased by STZ treatment in muscle (Fig. 4a-d) . Vitamin D deficiency significantly decreased the levels of osteoglycin mRNA in muscle of diabetic mice, although STZ treatment did not affect them (Fig. 4e) . Neither STZ treatment nor vitamin D deficiency affected the mRNA levels of myostatin, a muscle-mass suppressor in muscle (Fig. 4f) .
Discussion
In the present study, vitamin D deficiency aggravated muscle loss induced by diabetic state without affecting the levels of blood glucose in mice. This finding suggests that vitamin D deficiency affects skeletal muscle independently of glucose metabolism abnormality in diabetic state. The impaired muscle differentiation is associated with muscle wasting induced by several pathological conditions, such as diabetes and aging [23] . Muscle differentiation is initiated from the activation of muscle stem cells, called satellite cells; they differentiate into myoblasts and consequently form myotubes [24] . A previous study suggests that diabetic state impairs satellite cell function and muscle differentiation [25] . It has been also reported that vitamin D deficiency impairs muscle differentiation in rats in vivo [19] . Moreover, active vitamin D enhances the differentiation and tube formation via vitamin D receptor in C2C12 myoblasts in vitro [26, 27] . In the present study, we revealed that vitamin D deficiency aggravates the decrease in Pax7 levels induced by diabetic state in the gastrocnemius muscle of mice, whereas neither diabetic state nor vitamin D deficiency affected the mRNA levels of myogenin and Myf6 (myogenic markers at more differentiated stage). These data suggest that vitamin D deficiency aggravates muscle differentiation decreased by diabetic state by acting at an early differentiation stage in mice.
Enhancement of protein degradation is considered to be one of the underlying mechanisms of diabetic muscle wasting [28] . Although protein degradation includes three pathways-the ubiquitin proteasome pathway, the lysosomal pathway and the cytosolic calcium-activated pathway-it has been suggested that the ubiquitin-proteasome pathway is the principal mechanism of protein degradation in skeletal muscle [29, 30] . The process of protein ubiquitination for proteasomal degradation comprises three steps as follows: (1) activation of ubiquitin at its C-terminus by an E1 ubiquitin-activating enzyme, (2) conjugation of ubiquitin to an E2 ubiquitin-conjugating enzyme and (3) transfer of ubiquitin to the substrate protein by an E3 ubiquitin ligase [31] . Atrogin-1 and MuRF-1 are musclespecific E3 ubiquitin ligases, which are crucial in the development of muscle wasting [32, 33] . Lambertucci et al.
reported that STZ treatment enhances the expression of MuRF-1 and atrogin-1 as well as protein degradation in muscle of rats [34] . Moreover, a recent animal study suggests that vitamin D deficiency accelerates protein degradation through the ubiquitin-proteasome system in muscle of rats [19] . In the present study, we revealed that vitamin D deficiency augments the increases in mRNA levels of atrogin-1 and MuRF-1 induced by diabetic state in the gastrocnemius muscle of mice. These data suggest that vitamin D deficiency accelerates protein degradation through the activation of the ubiquitin-proteasome pathway in muscle of diabetic mice. Taken together, vitamin D may protect against muscle wasting through the inhibition of muscle degradation as well as the enhancement of early stage muscle differentiation in diabetic mice.
In the present study, STZ treatment significantly decreased muscle mass at the tibial region in mice, although STZ treatment did not affect the levels of the genes related to muscle differentiation or degradation significantly in the gastrocnemius muscle of these mice. We speculated that the additive effects of STZ treatment on early muscle differentiation and muscle degradation might induce a decrease in muscle mass, since STZ treatment seemed to decrease and increase the levels of Pax7/MyoD mRNA and the levels of MuRF-1/atrogin-1, respectively, without statistical significance. Alternatively, this discrepancy might be due to the differences of muscle sites of interest between qCT and mRNA analysis.
Chiu et al. recently reported that AGEs are associated with diabetic muscle wasting through the enhancement of muscle degradation and impairment of muscle differentiation in vivo and in vitro [35] . In the present study, we showed that AGE3 significantly decreased the levels of MyoD mRNA and increased the levels of MuRF-1 mRNA in myoblasts. Moreover, we found that active vitamin D seemed to increase the levels of MyoD mRNA decreased by AGE3, whereas it did not affect the levels of MuRF-1 mRNA increased by AGE3 in myoblasts. In addition, we previously showed that active vitamin D blunts MyoD protein level decreased by AGEs in myoblasts [21] . These findings suggest that vitamin D might improve diabetic muscle wasting partly through the amelioration of myogenesis impaired by AGEs. On the other hand, vitamin D deficiency-enhanced levels of muscle degradation-related genes in diabetes state in vivo might be due to factors such as oxidative stress and inflammatory cytokines, but not AGEs [5] .
It is well known that vitamin D affects both muscle and bone [36] . Our previous study showed that vitamin D deficiency aggravates bone loss induced by diabetic state in mice [20] . Recent evidence suggested that muscle/bone relationships are related to the pathological disorders of muscle and bone [22, 37] . We previously revealed that osteoglycin and FAM5c might be included in muscle-derived humoral factors linking muscle to bone [38, 39] . Moreover, muscle tissues secrete several positive regulators of osteogenesis, such as IGF-1, FGF-2, TGF-b and irisin [22] . These findings suggest that those muscle-derived humoral factors might be related to the influences of vitamin D and diabetic state on muscle and bone. In the present study, we showed that vitamin D deficiency aggravates the mRNA levels of IGF-1 and FGF-2 decreased by diabetic state in the gastrocnemius muscle of mice. These data are consistent with our evidence about the changes in bone mass induced by diabetic state and vitamin D deficiency in mice [20] . Moreover, vitamin D deficiency significantly decreased the levels of osteoglycin mRNA in muscle tissues in diabetic mice, which were compatible with our previous results that active vitamin D and its analog treatment increased the expression of osteoglycin in myoblasts in vitro [21] . Taken together, vitamin D deficiency might enhance diabetic bone loss through the impaired secretion of muscle-derived humoral factors linking muscle to bone. Further studies will be necessary to clarify the influences of vitamin D and diabetic state on muscle-bone relationships in detail.
Our present and previous [20] studies showed that vitamin D deficiency affects muscle and bone in diabetic state but not in normal condition in mice. These findings suggest that vitamin D may exert significant effects on the maintenance of the musculoskeletal system in pathological conditions such as diabetes rather than normal conditions. Vitamin D supplementation induced reductions in the fall risk and fracture risk as well as increases in muscle mass and function in elderly patients with a vitamin D-deficient state [18] . Ito et al. recently reported that active vitamin D analog treatment increases muscle mass in elderly patients with severe osteoporosis [40] . Therefore, vitamin D treatment may be useful for the prevention and treatment of muscle wasting as well as osteoporosis in diabetic patients.
In conclusion, the present study demonstrated that vitamin D deficiency aggravates diabetic muscle wasting partly through the decreases in Pax7 mRNA levels and the increases in MuRF1 and atrogin-1 in female mice. Vitamin D deficiency and diabetic state might affect muscle and bone through the modulation of muscle-derived humoral factors linking muscle to bone. The precise mechanisms of diabetes-and/or vitamin D deficiency-induced muscle wasting still remain unknown in the present study. This is the major limitation of this study, and further studies are necessary to clarify these mechanisms.
